High-level skills in analysis, scientific argument, and data presentation are desired outcomes of engineering laboratory classes. Students are asked to present data in a way that supports their conclusions and provides estimates of the accuracy of their answers. Although students are specifically asked to perform certain analysis tasks, and can explain what these tasks should be, they often fail to correctly interpret or make inferences from their data. The goal of this study is to examine the processes that students use to interpret and analyze experimental data, from the time they finish their lab experiments until they turn in their lab reports. A survey was administered to students who had completed a laboratory course in Measurements and Analysis in which they were asked to describe the steps they took to analyze and present experimental data. They were also asked to identify how often they took certain desired actions, such as estimating uncertainties, comparing data to the literature, performing statistical analysis, and other commonly accepted best practices for data analysis. In addition, past student lab reports and experimental design projects were examined for evidence of these best practices.
Introduction
Laboratory experiments have long been an essential part of the engineering experience 1 . ABET student outcome (b) specifically requires students to develop "an ability to design and conduct experiments, as well as to analyze and interpret data". Other outcomes emphasize teamwork, communication, and skill building, all of which can be effectively taught in a lab environment. 2 The benefits of lab work include learning hands on practical skills, observation and deduction skills, and how to connect theoretical knowledge to empirical work. Established best practices include pre-lab activities, hands-on laboratory time, and post-lab activities including data analysis and report writing.
Lab report writing is particularly valuable for building a wide range of skills at different levels of abstraction. 4 Low level skills include chronological discussion of work performed, definition of key terms, and listing of equipment used and similar tasks. Medium level skills such as classification, comparison and contrast, and the ability to summarize information require the students to examine data more closely. These skills require practice to develop, which is another benefit of laboratory work. However, high level skills are the most desirable for professional and graduate work. High level skills in scientific and academic argument and analysis require students to make inferences from their data, relate their data to previously published results, and use their data in order to justify their conclusions. 5 Since lab reports typically require tasks such as statistical data analysis, graphical presentation of results, and uncertainty analysis, they become an excellent medium to assess the development of these high level skills.
A variety of methods have been employed to teach writing skills and related data analysis skills. The Science Writing Heuristic 6 is a method of guided inquiry that leads students to reflect on what they are learning and ask a series of standard questions about their data and observations. This has been shown to improve lab report writing in some cases, and can boost higher level thinking. Report writing has also been improved by using peer review and revision to target poor grammar and spelling as well as technical issues. 7 Electronic lab notebooks have been used to improve the ability of students to analyze their data and keep track of design decisions, which could be particularly helpful for experimental design activities. 8 Lab reports have been written in groups, or even during lab, in order to improve both the mechanics of report writing and the quality of the results through peer interaction and modeling from the instructor. 9 The majority of these methods concentrate heavily on the writing aspect of lab reports, but tend to spend less time on data analysis.
In addition to these methods, standard textbooks on measurement and analysis techniques typically contain chapters on report writing and/or data analysis. A survey of several of the most common textbooks revealed common themes. 10, 11, 12, 13, 14, 15 All of the textbooks surveyed gave extensive information on statistical data analysis and measurement uncertainty, and all of them discussed graphical data presentations. Not all of the books discuss report writing; however those that do discuss the standard sections of a report (abstracts, introduction, etc.) tend to agree on the need for background research and the comparison of results to theory. The books that do not discuss report writing tend to focus on the details of data presentation such as explaining data processing and calculation methods and examining data for consistency during the process of gathering data. It is very difficult to find textbooks that treat both technical report writing and data presentation in the same amount of detail.
Different types of labs can be used to promote different levels of skills in conjunction with the data analysis and report writing schemes. Expository or 'cookbook' style labs have step by step procedures that are provided, often with blank tables provided for data recording, and generally have a predetermined outcome. These types of labs do not generally require high level skills to accomplish. Open inquiry labs require students to create their own procedure, have less direction, and tend to have undetermined outcomes. Inquiry labs require higher level analysis, evaluation, and judging skills, but can be difficult to administer and grade. Guided inquiry, or discovery, labs provide students with a procedure and have a predetermined outcome, but require students to discover principles with little instructor guidance. This can require students to use high level skills, but can also lead to failure if students do not have the background to discover what they 'should' discover. Problem-based labs have predetermined outcomes but allow students to develop their own path toward the solution. The problems are often simple, but students have the opportunity to develop higher order skills in evaluation in the process. 16 Although each type of lab has benefits and drawbacks, it seems clear that if higher ordered skills are desired then the preference should be for open-ended labs.
The goal of all these writing schemes and laboratory instruction styles is to get students to acquire valid data, analyze it properly, use it to support their conclusions, and report those conclusions clearly. The survey of the literature resulted in the following list of behaviors that students need to exhibit in order to accomplish these goals:
 Examine data for consistency  Perform statistical analysis of data where appropriate  Estimate uncertainties in results  Anticipate results from theory  Compare data to previous work or literature  Explain routine data processing  Justify any adjustments or corrections to procedures  Present data in tabular or graphical form  Describe calculation methods Although students are asked to exhibit these behaviors either implicitly or explicitly, students may or may not truly internalize what they need to do. In particular, tasks relating to interpreting or making inferences from data can be neglected in favor of more straightforward tasks such as computation or graphing data. The goal of this study is to identify what students think are the necessary steps to take after lab ends in order to properly make use of their experimental data, and to look at the disconnect between what students think they do, what the instructor asks them to do, and what is actually evident in their work.
Methodology
The course in this study is a junior level lab course titled Measurement and Analysis with Thermal Science Application. This is a required course for mechanical engineering students. In addition to three 65 minute lectures a week there is one two-hour lab section. Students work in instructor selected lab groups to perform seven experiments over the course of the term. These labs are designed to be progressively more open-ended in nature. As part of their pre-lab homework assignments students are required to develop data tables, write procedures, choose sensors, and demonstrate sample calculations. In previous terms all seven lab reports were written by individual students. Recently due to increasing student numbers, policies were changed so that the first three lab reports are still individually written, but the last four lab reports are group reports. Each lab group also does a term long group project in which they design, execute, and report on an experiment of their choosing, using borrowed lab equipment and working during open lab times.
The current labs and the project were developed prior to the current study. The requirements given for each lab and the project were analyzed to determine whether or not the existing assignments explicitly asked for the desired behaviors determined from the literature review. The results, listed below in Table 1 , show that all of the desired behaviors were requested explicitly in a minimum of two assignments, with six of the nine behaviors expected in all labs and the project. It is important to note that the exact wording of the lab handouts is not as listed above, although the desired results are the same. Examples of two of the labs are found in Appendix B.
In order to determine student attitudes toward data analysis and processing, a survey was developed and administered anonymously to students who had previously taken the course. A total of 21 students responded to the survey. The survey questions are given in Appendix A. Three open ended questions asked students to describe the steps they took to analyze their data, explain how they understood the idea of justifying their conclusions with data, and how they dealt with anomalous data. In addition, the respondents were asked how often they engaged in the desired behaviors while writing lab reports. Students were also asked how long they spent writing up lab reports, and how soon they started lab reports after lab ended. The results of this survey were analyzed to determine whether the open-ended responses described any of the desired behaviors, and whether those results matched the later question on how often they engaged in desired behaviors.
In addition to the survey, past lab reports were subjected to close reading to look for evidence of the desired behaviors. Lab reports had been originally graded by teaching assistants with controls and rubrics in place to ensure equitable grading between the different graders. Individually written lab reports were considered separately from group lab reports. Identifiers such as student names were stripped from the reports before they were analyzed by someone other than the course instructor. Past project reports were analyzed similarly. Each instance of a behavior was counted individually. The number of instances of each type of behavior found was correlated with the final grade as was the total overall number of behaviors.
Results

Survey results
Surveys were administered to students who had previously completed the Measurements and Analysis lab course. There were 21 total respondents. The responses to the open-ended question "Describe in your own words the steps you take to analyze your data and write your lab report, from the time you leave lab until the time you hand in your report" were examined for evidence of the desired behaviors. The percentage of the respondents describing each behavior was tabulated and is shown in Table 2 . Table 2 also shows the results of the question where students were presented explicitly with the behaviors and asked to rate how often they take these actions when analyzing data and writing lab reports. This data highlights the difference between what students describe in their own words and what they claim to do when presented with a list of desired behaviors. In general, there seems to be a disconnect between the behaviors students have internalized after several years of schooling, and the behaviors students recognize as valuable in their data analysis. Students clearly recognize the value of various data analysis behavior, and believe that they use these behaviors while analyzing their data. At the same time, they are unable to articulate these behaviors on their own for the most part. Some high level behaviors that are extremely important for senior level and graduate work, such as estimating uncertainties and comparing data to existing literature, are not practiced by the students to any great extent. Many students saw data analysis as a step by step process, and many did number the steps. There was also a lot of focus on finding the 'correct' answer, treating lab analysis in a similar manner to a homework set. Another subset of students focused primarily on graphing as the primary task in data analysis, as exemplified by the following response:
"I put all my data into excel and then make scatter plots. I create trendlines and equations to look for trends in the data."
These students focused heavily on the tools for data analysis, such as Excel or Matlab, rather than the tasks of data analysis.
Responses to the question "If an assignment tells you to use data to justify your answers, how would you describe what that means to a freshman student?" showed few insights. A typical response tends to be fairly obvious: Another open response question asked students to "Describe the steps you take when you encounter data that seems wrong. Do you discount it, talk to someone else, etc.?" A student's response to anomalous data has been shown to evolve as their maturity and higher level skills develop. 17 Many of the responses clearly indicate the view that there is one correct answer that the lab should generate, and the student's job is to get data that supports that one correct answer:
"If possible, I try to obtain the data again to hopefully get normal results. If not, I usually speak to others to see if we are in the same boat."
Other respondents show evidence that the student has learned and retained skills for dealing with anomalous data: "1. Ask the TA 2. Repeat the experiment and collect more data 3. Compare with other groups 4. Neglect if it's an outlier (I believe this is taught in Measurements class)"
Finally, a few students seemed to truly value what can be learned from 'wrong data':
"If the experiment was done correctly, all data collected is good data (i.e. it should never be discounted). This seemingly-wrong data can be mentioned in the discussion section of the report, and talked about at-length as to why it seems wrong. Information like this can actually be the most useful data out there, as it provides avenues for new learning."
The results of the final multiple choice questions on the survey are presented in Figures 2 and 3 . The majority of students tend to wait three or more days before they start analyzing their lab data. This might be significant, particularly if students fail to maintain proper notes and lab notebooks. The majority of students spend from 4-6 hours on writing lab reports. If students are expected to do background research and theoretical modeling, this may or may not be enough time for the in-depth work needed. 
Lab report analysis
Between 7 and 9 lab reports were examined for each of the first 6 lab experiments in the course. The identifying information and scores were removed prior to being critically read by someone other than the course instructor. The number of instances of each behavior was noted. Figure 4 shows the distribution of the behaviors across the labs. As listed in the Methodology section, certain behaviors were explicitly required in some labs but not in others. It is interesting to note that some behaviors were shown even when not explicitly requested. For example, lab 3 does not explicitly ask for comparison to previous work from the literature, however it was noted in 10% Table 3 shows an example of the results of the textual analysis for Lab 1. The total number of behaviors exhibited by each student was summed. Both the number of instances of each individual behavior and the total number of behaviors were examined using the Pearson ProductMoment Correlation Coefficient implemented with the Excel correlation analysis. This procedure was repeated for all 6 sets of lab reports. Also included in the table is whether or not various behaviors were specifically required in the lab handout. Although it may seem obvious that students who perform more of the requested behaviors would have a higher grade, it is important to note that some students are performing behaviors that are not explicitly asked for, and some students are doing the bare minimum in terms of using these key skills. It is also interesting that some of the behaviors are more highly correlated with high scores than others, while there is one negative correlation and one behavior that was shown on none of the student papers. Table 4 summarizes the correlation coefficients for all 6 sets of lab reports, along with the average correlation coefficient for each behavior. With one exception, all labs showed a strong positive correlation between the total number of behaviors demonstrated and the report grade. 'Presenting tables or graphs of data' and 'statistical analysis of data' both showed moderately strong correlations of 0.51. Three behaviors had a correlation value between 0.46-0.48: 'describe calculation methods', 'estimate uncertainties in results', and 'explain routine data processing such as calibration corrections'. Weak positive correlations were seen with 'justifying adjustments or corrections' and 'examining data for consistency'. An interesting result is that there was almost no effect for the behaviors 'anticipate results from theory' and 'compare data to previous work or literature'. This may point to either a weakness in the curriculum in reinforcing these behaviors, or a lack of maturity and understanding on the part of the students at this point in their academic careers. One lab that stands out is Lab 6. This had a very low positive correlation for the total number of behaviors, correlations that were not significant for most behaviors, and had one moderately negative correlation (-0.35) between grade and 'explain routine data processing such as calibration corrections'. It is unclear why exactly the results of this lab were so different than the others. Another unanticipated result was the highly negative correlation (-0.76) between grade and 'anticipate results from theory' for lab 5. 
Project Results
The term project in Measurements and Analysis requires students to work in teams to develop an experiment, perform it, and then analyze and report the results. All of the desired behaviors are explicitly requested in the project requirements. A total of 37 reports were examined for evidence of the desired behaviors, results of which are shown in Table 5 . Only one moderately strong correlation was seen -for the behavior 'estimate uncertainties in results'. Estimating uncertainties is a concept that students historically find difficult in this course, and it makes sense that students who can master the most difficult concepts will perform at a higher level and earn higher grades. However, other than this one behavior, all of the correlations were weakly positive for the individual behaviors, although there was a strong positive correlation with the total number of behaviors. In particular, students indicate that they 'often' use various skills and behavior much more often than they do in reality. In addition, the behaviors that students can come up with in an open ended response are very different than those which they recognize as valuable for data analysis and presentation. At this point in their curriculum, they have already had at least two previous lab courses, and are often co-registered in a third lab course. In addition, they have already taken the Technical Writing in the Discipline course, which is a technical writing course offered by the English department specifically designed to teach engineers best practices for writing reports and research papers. It is therefore expected that students should be reasonably proficient in presenting their results in written form. It is clear from their narrative descriptions in the survey that they have not necessarily internalized the entire data reporting process. Descriptions focus heavily on writing tasks and calculation tasks, but tend to forget the higher order tasks of scientific and academic argument. The tasks which are more concrete, such as graphing, calculating, and following standard writing schemes stick in students' minds as the key tasks in processing lab data. It is particularly interesting that Measurements and Analysis deliberately contains progressively more open ended lab experiments, designed to exercise these higher level skills.
Students seem to recognize the value of some of these higher level behaviors based on the 'oftensometimes-never' questions on the survey. However, there were two behaviors that various students said they 'never' take: comparing data to previous work or literature, and explaining routine data processing such as calibration corrections. Explaining routine data processing may be neglected due to the student mindset that 'professors know the right answer'. If students believe that the professor has all the answers, it may seem unnecessary to explain routine tasks. However, in several cases there were positive correlations between student grades and the number of times they explained the routine tasks. Comparing data to previous work is rarely done, even in cases where it is required. For example, in one of the labs, students are asked to look up typical values for heat transfer coefficients and compare their experimental results. Students will do this on the homework, but will rarely discuss the comparison in the lab reports. This could be the result of unclear lab handout wording, or a lack of reinforcement in class. However, even on the project, where this behavior is explicitly and specifically asked for, only 70% of the projects compared their results to literature values or compared their experiments to previous work. Students seem to struggle with seeing their projects as small research projects, rather than as an extended homework assignment. Anecdotally, one of the authors has noticed that senior students also struggle with literature reviews in capstone design, which is clearly a research project, potentially pointing to a weakness in the technical writing curriculum that should be addressed.
The positive correlation between total number of desired behaviors and final grade seems obvious at first. However, it should be noted that in several cases, some of the strongest correlations are for behaviors that are not explicitly required, but are performed by some students as general good practices. Moreover, students who used these behaviors at many points in the report, rather than giving isolated answers to specific questions, seemed to earn higher grades and demonstrate more understanding of the material. The best lab reports integrate all the discussion questions into a comprehensive whole, rather than answering questions in isolation like a homework assignment. Although having a list of specific questions that need answering does make grading easier for the teaching assistants and provides clear goals for the students, it may cause students to have a checklist mentality, rather than thinking about data processing and analysis as a holistic process.
Conclusions
The results of this study show a disconnect between what students should do, what students think they do, and what they actually produce in their lab reports. Positive correlations exist between the total number of behaviors and final grade, but not all behaviors are created equal. Behaviors that force students to closely examine their data, present it graphically, and describe their calculations are associated with higher grades. The correlations between grades and individual behaviors vary from lab to lab. Open ended lab assignments tend to lead to high level behaviors, but only if students are coached to see lab reports as research projects, rather than homework assignments. Even at the junior or senior level, students need explicit instruction in what is expected in terms of connecting their data to theory and previous work. Future studies are planned to develop effective interventions to promote these high level behaviors. In addition, the current work has only examined individually written lab reports. It would be interesting to see if lab reports written in groups are more or less likely to demonstrate the desired high level behaviors. Finally, future lab handouts will be more explicit in asking for the desired behaviors, and the introductory lectures for the term will be revised to discuss the higher level analysis needed for laboratory work.
Survey questions for study of student data analysis:
1)
Describe in your own words the steps you take to analyze your data and write your lab report, from the time you leave lab until the time you hand in the report.
2)
If an assignment tells you to "use data to justify your answers", how would you describe what that means to a freshman student?
3)
Describe the steps you take when you encounter data that seems wrong. Do you discount it, talk to someone else, etc.?
4)
The following is a list of possible actions that you could take while writing a lab report and analyzing data. Please indicate whether you take these actions often, sometimes, or never when you are writing lab reports: 
